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The Bakken shale oil production has been improved substantially by multi stage 
hydraulic fracturing of horizontal wells. Because the presence of open natural fractures is 
believed to be a major reason for improved well productivity, it is the objective of this 
thesis to evaluate the beneficial effect of long horizontal wells in low-permeability/low-
conductivity sandstone and shale reservoirs which contain an abundance of disconnected 
or partially connected natural fractures. Many investigators theorize that the rise in pore 
pressure from the well stimulation process creates either shear or dilation shear stresses 
which open and connect the natural fractures in the wellbore vicinity. It is also possible 
that the fluid leakoff into some of the pre-existing fissures connected to the wellbore 
might be the reason for creating new conductive fractures. Of course, there might be 
many other reasons for the near-well permeability improvements resulting from massive, 
multi-stage, hydraulic fracturing operations. 
Assuming the near-wellbore natural fractures become connected during well 
stimulation, such connectivity may not readily be noticeable in the early well 
performance tests because of large rate fluctuations resulting from well clean-up and non-
stabilized flow conditions. Nonetheless, there is a significant long-term effect of these 
fractures on the mechanism of reservoir flow and oil production. The study conducted in 
this thesis is to quantify these effects even if the fracture intrinsic permeability ( fk ) and 
fracture conductivity ( ff wk ) have very low value.  
Specifically, to assess the benefits of natural fractures on improved flow, a 3-D, 
three-phase, dual-porosity model, with a 200-foot to 400-foot region around a horizontal 
well, and a single-porosity region in the far-field was constructed. The 200-foot and 400-
foot width of the dual-porosity regions were selected based on microseismic observations 
and measurements in the field. For the well boundary condition, a declining flowing 
wellbore pressure was used to mimic field practice. Finally, the effective fracture 
permeability ( ffk φ ) was set equal to a value close to the permeability of the matrix to 
eliminate the dominance of the fracture permeability effects, while focusing only on the 
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connectivity (the main flow path) benefits of these low conductivity fractures on the well 
and reservoir performance.  
The results of this study concluded that the presence of newly interconnected natural 
fractures has a beneficial long-term effect on the well flow rate and the ultimate oil 
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1.1  The Objective of This Study 
 
The objective of this thesis is to evaluate the combined effects of having long 
horizontal wells in low-permeability reservoirs and an abundance of partially connected 
natural fractures in the wellbore vicinity using dual-porosity models. This is the case for 
many production wells in the Bakken formation of Montana and North Dakota. Multi-
stage hydraulic fracturing operations in the Bakken promote connecting the natural 
fracture network in the wellbore vicinity. Many investigators (Holditch, 2007, Gale et al., 
2007, Palmer et al., 2007, and Soliman et al., 2004) theorize that the rise in pore pressure 
from the well stimulation process creates shear and dilation shear stresses which are the 
reasons for opening and connecting the natural fractures. Realistically, however, the fluid 
leakoff into the stranded fissures, connected to the wellbore, might be the main reason for 
creating new conductive fractures. 
If the near-wellbore natural fractures become connected, the short-term production 
may not show the benefits of such a network because of the erratic flow behavior in the 
early stages of well production as a result of well clean up. Nonetheless, the long-term 
mechanism of reservoir flow in the wellbore vicinity, after hydraulic fracture stimulation, 
is affected by the rejuvenated connectivity of the natural fractures.  
To assess the benefits of natural fractures on the ultimate oil recovery, a 3-D, three-
phase, dual-porosity flow model with a 200-foot to 400-foot region around a horizontal 
well, and a single-porosity region in the far-field was constructed. This is related to a 
recent study at Colorado School of Mines on production data analysis from hydraulically 
fractured horizontal wells in tight heterogeneous formations including a Bakken 
formation well (Medeiros et al., 2007 and Medeiros, 2007). A similar study was 
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conducted by Lewis (2007), for production of gas from shale reservoirs. In this thesis; 
however, the focus was mainly on multi-phase flow and long term performance. The 
bottom-hole pressure trends of a typical low permeability Bakken shale well was used as 
the simulator well boundary condition. Then, the effective permeability of the fractures 
was set equal to the permeability of the matrix rock to minimize the effect of fracture 





1.2  Literature Review 
 
In the last two decades, interest in developing unconventional oil and gas reservoirs 
has grown tremendously. These reservoirs, such as tight gas and fractured shale 
formations, have very low permeability.  The most effective means of increasing 
reservoir contact per well is to drill long horizontal wells and stimulate the formation 
with multi-stage hydraulic fractures. The productivity may be further enhanced if the 
horizontal well and the hydraulic fractures become connected to an active natural fracture 
network. This natural fracture network may be preexisting in a reservoir or may be 
generated or reactivated around the wellbore by hydraulic fracturing (Besler et al., 2007; 
Cox et al., 2008; Cramer et al., 2008; Lantz et al., 2007; Phillips et al., 2007; Wiley et al., 
2004). 
Production behavior of wells in globally or locally fractured reservoirs may be 
significantly different depending on the contrast between the matrix and natural fracture 
properties. Medeiros et al. (2007) discussed the analysis of production data from 
hydraulically fractured horizontal wells in reservoirs with local or global natural fracture 
networks. They explained production decline characteristics associated with various 
transient flow regimes, described a procedure to generate production decline curves, and 
demonstrated matching field data with their model. 
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Breit et al. (1992) used a simulation model to define the flow characteristic of the 
Bakken shale formation in North Dakota. This was achieved by matching draw down, 
build up, and interference test data for single and multiple wells. They concluded that 
more than one flow characterization was possible. However, the only common 
characteristic that matched all wells was the dual-porosity nature with anisotropic, stress-
sensitive permeability. The effective fracture permeability used in their study was less 
than 0.001 md with a fracture spacing of about one inch. 
 
     
 
1.3  Bakken Formation Geology 
 
The Bakken formation in Williston basin, Figure 1-1, is the largest on-shore oil 
discovery in the United States in the past few decades. The Bakken formation consists of 
three members: a black mudstone lower member, a grey mudstone/sandstone middle 
member, and black mudstone upper member (Smith et al., 2000). Pitman et al. (2001) 
conducted a very informative study on Bakken with the conclusion that the middle 
member is an attractive petroleum target for exploration activities because it is positioned 
between the source and seal units, and that most of the producible oil in the Bakken 
formation is in open horizontal fractures in the middle member as depicted on a slabbed 
Bakken sandstone core in Figure 1-2. From an evaluation of many cores in the Bakken, 
they concluded that the sandstone and siltstone associated with thick mature shale 
typically have more fractures than sandstone and siltstone associated with thin shales and 
that superlithostatic pressure (over pressure) is responsible for causing these fractures as a 
result of fluid expansion in the pores. In addition to the cores from the producing member 
(Figure 1-2) two slabbed cores from source and seal shale units are presented in Figure 
1-3 which show the tendency of upper and lower shale to break down horizontally. 
The majority of fractures in the middle member are open (non-mineralized) and sub-
parallel to the bedding with apertures exceeding 30µm. The measured permeability from 
 
 4 
the cores ranges from 0 - 40 md with a typical value of 0.04 md, porosity in this system 
comes from matrix and horizontal fractures with a third porosity from the connected 
fracture network associated with the well stimulation. The porosity of sandstone and 
siltstone ranges between 1-16% with an average value of 5% (Pitman et al., 2001). 
A typical well in Bakken is drilled to a vertical depth of 10,000 ft with 4,000 ft to 
9,000 ft horizontal extension. Using fracturing technology, the reservoir is cracked to 
allow the oil and associated gas to be produced at attractive commercial rates. Currently, 
the total oil production from the Bakken is more than 150,000 stb/day of light, sweet 













Figure 1-1:  Williston Basin Province, Bakken-Lodgepole 





Figure 1-2:  Slabbed sandstone displaying reticulated fracture network 






Figure 1-3:  Slabbed upper and lower Bakken shale 




1.4  Bakken Formation Oil Generation and Reserves 
 
A wide range of oil in place, 10 Bbbl to 500 Bbbl from the combination of the upper 
and the lower shales, has been reported for the Bakken formation. The recoverable 
reserve from this resource has estimates that fall between 3-30% as reported in the 
following papers:        
Williams (1974) estimated 10 Bbbl of oil resource based on the limited data 
available at that time and suggested 3 Bbbl as recoverable reserves. Webster (1983, 1984) 
reported 92 Bbbl for the oil resource. This information was upgraded later on by 
Schmoker and Hester (1983) to be 132 Bbbl in North Dakota and Montana. In 2000, 
Meissner and Banks estimated 32 Bbbl of oil generated in Bakken formation using a 
newly developed computer model with existing Bakken data. Flannery and Kraus (2006) 
estimated the oil generated in the Bakken to be 200 Bbbl using a more sophisticated 
computer model with extensive input data from the North Dakota Geological Survey and 
Oil and Gas Division. This number was revised to 300 Bbbl of oil when the paper was 
Lower shale Upper shale 
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presented in 2006. Recovery factor values presented by North Dakota Industrial 




1.5  Geomechanical Considerations 
 
In this section we present a short background on reservoir geomechanics to provide a 
basis as to how natural fractures and cracks could be generated in the wellbore vicinity.  
If a representative elementary volume (REV) of a rock body is subjected to an 
external load or force, Figure 1-4, the rock deforms. If the rock deformation creates larger 
volume, it is called dilation. Three basic stresses: compressive, tensile, and shear are 
recognized. Compressive stress results when external forces are directed toward each 
other; tensile stress results when the forces are directed away from each other; and a 
shear stress results when the principal stresses (maximum, intermediate, and minimum) 
are not equal. When the principal stresses are equal there is no shear stress; and the rock 
is under hydrostatic stress only. Strain is a measure of rock deformation. It is defined as 























The early failure theory was introduced by Coulomb in 1773 and Mohr in 1900 
(Jaeger et al., 2007). From Figure 1-5 and the Mohr circle, we can see that the maximum 
shear occurs along a plane at =45°. However, due to friction, rocks do not fail along this 
plane. Instead, failure occurs along another plane at an angle φ with respect to the σ′max, 
where friction is lower and shear stress is still large. Shear failure is related to the 
magnitude of the shear stress on the sheared plane and the internal strength of the 
material, as explained, for example, by Mohr- Coulomb theory.  
In Mohr-Coulomb theory the failure envelope is created by a series of tests 
conducted using increasing values of principle stress. Figure 1-5 shows this envelope for 
a saturated porous rock, where the effective stress is calculated using the following 
relationship: 
 
pασσ −=′   (1-1) 
 
σ′ is the effective stress, σ is the applied stress,  α is the Biot’s poro-elastic constant, and 
p is the pore pressure. The shear stress is calculated using Coulomb’s equation (Jaeger et 
al., 2007): 
 
σµττ ′+= o   (1-2) 
 
where o is the cohesive strength which results from the tight interlocking of grains and 
the bonding along the points of contact (see Figure 1-5), and µ is the tangent of angle φ. 
Referring to Figure 1-5 and 1-6, when the pore pressure increases (going from right 
to left), the effective stresses σ′1 and σ′3 become smaller. Specifically, in region IV the 
pore pressure is low and the formation could collapse or subside, in region III the 
formation undergoes brittle-ductile deformation, and in region II the formation undergoes 
shear and possibly dilation shear deformation causing rock sliding and creation of cracks. 
Finally, when the pore pressure becomes large enough to exceed the minimum stress, 
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Figure 1-5:  Mohr-Coulomb linear failure envelope 
(Based on Blyth et al., 1984, Jaeger et al., 2007, and Zoback, 2007)  
 
 
Figure 1-6 shows the Mohr stress circle and a non-linear Mohr-Coulomb failure 
envelope. The diagram depicts the shear stress  and the normal effective stress σ′n on a 
surface making an angle  with respect to σ′3. Shear failure plane is inclined at an angle 
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Figure 1-6:  Mohr-Coulomb non-linear failure envelope 
(Based on Blyth et al., 1984, Jaeger et al., 2007, and Zoback, 2007)  
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1.6  Pressure Transient Behavior in Dual –Porosity Reservoirs 
 
In this section, we present the formulation and the analytical solution of the flow 
equations in dual-porosity systems for comparison with the numerical solution as a means 
to demonstrate the viability of numerical simulation.  In addition, the definition of the 
fracture permeability in dual-porosity reservoirs has been misunderstood ever since the 
introduction of Warren and Root dual-porosity model in 1963.  In dual-porosity, the 
fracture permeability, fk , was meant to be the effective fracture permeability, ffk φ . In 
fact the intrinsic fracture permeability ( fk ) for an ideal smooth fracture in millidarcy is:  
 
12cwk 2ff = ,  (1-3) 
 
where, fw  is the fracture aperture in mµ , and c , is the unit conversion factor, 




feff,f φ= .  (1-4) 
 
This concept is analogous to the derivation of the core (matrix) permeability (e.g., 




m τφ= .  (1-5) 
 
As can be seen,  eff,fk   is similar to mk  in the sense that both involve the 
multiplication of the intrinsic pore space permeability and the bulk porosity of the 
respective pore spaces. Thus, in parallel to the use of mk  in single-porosity, the effective 
fracture permeability, eff,fk , will be used in the derivation of flow equations for dual-
porosity, which will follow.  
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The foundation of the current dual-porosity models were laid out by Barenblatt et al. 
(1960) and Warren and Root (1963). These authors dealt with the mathematical 
formulation of single-phase flow in dual-porosity systems. Based on these formulations, 
the governing pressure response equations in a homogenous, anisotropic, dual-porosity 






























































σ , (1-7) 
 
where σ is the shape factor, fp  is the fracture pressure, mp  is the matrix pressure, 
ft )c(φ  is the fracture storativity, mt )c(φ  is the matrix storativity, fk  is the intrinsic 
fracture permeability, eff,fk  is the effective fracture permeability, mk  is the matrix 
permeability, and µ is the fluid viscosity.  Equations 1-3 and 1-4 are known as the 
diffusivity equations for single-phase flow in the dual-porosity system. 
The shape factor reflects the flow behavior related to the geometry and boundary 
conditions of the matrix block. Warren and Root (1963) provided an analytical solution 
for dual-porosity radial flow for well testing purposes. Warren and Root idealized a 








where n is the number of normal sets of fractures and l is the characteristic length of the  
matrix block and can be estimated from (Warren and Root, 1963): 
 


















=  (1-11) 
 
where Lx, Ly, and Lz represent the dimensions of the matrix block. The above shape factor 
is non-symmetric because of the pressure averaging method used in the matrix. Kazemi et 
al. (1976) proposed a symmetric shape factor expression based on standard seven-point 
























4σ   (1-12) 
 
This shape factor is purely numerical and is consistent with the finite-difference 
discritization used for flow between grid blocks. Later, Kazemi and Gilman (1993) 
derived a similar shape factor using transient flow between a matrix block and the 

























1πσ  . (1-13) 
 
Kazemi et al. (1992) used the following equation for multi-phase flow while Morrow 













1σ   (1-14) 
 
Aj represents the area for the open surface j of the matrix block, dj represents the distance 
from the center of the matrix block to the open surface j, and V is the matrix block 
volume. While Equation 1-8 is non-symmetric, Equations 1-12, 1-13, and 1-14 are 
symmetric with respect to the matrix block dimensions.  
Fracture conductivity is used in the analysis of hydraulic fractures and is defined as 
the fracture permeability multiplied by fracture width, or: 
 
ffc wkF =  .  (1-15) 
 
Usually hydraulic fracture conductivity of 1 md-ft is considered very low. Thus, for 
our studies in this thesis, we selected natural fracture conductivities in the range of 0.05 
to 0.20 md-ft, which is very low when compared to hydraulic fracture conductivities used 
in the well stimulation. 
The analytical solution to Equations 1-6 and 1-7 for a constant-rate, fully penetrating 
vertical well, in an isotropic, dual-porosity reservoir is (Warren and Root, 1963, and Van 
































































=  , (1-18) 
 























kk φ=  . (1-21) 
 
Equation 1-16 can be used to generate the diagnostic Warren-Root pressure-time 
plots, as shown on Figure 1-7 and 1-8. These plots were generated numerically, but can 
also be generated analytically. The data used in generating Figures 1-4 and 1-5 are 























































Table 1-1:  The data used in the numerical run    
fk , md 30 
mk , md 0.0100 
fφ , frac. 0.0006 
mφ , frac. 0.0500 





oq , stb/d 300 
wrmS , frac. 0.25 
ormS , frac. 0.25 
wrfS , frac. 0.05 
orfS , frac. 0.05 
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For the pressure transient flow problems under consideration in this thesis, the flow 
toward the well is linear flow rather than radial for the most part. Studies by Medeiros 
(2007) has indicated that the linear flow in dual-porosity reservoirs produce characteristic 
features on log-log pressure-time diagrams similar to the Warren-Root radial flow 
models. At the author request, Medeiros generated pressure plots in Figure 1-9 and 




























Figure 1-9:  Diagnostic plot for linear flow in a dual-porosity system 

















Figure 1-10:  Semi-log plot for the build-up period 
(Courtesy: Medeiros, 2008; based on CSM PhD thesis, 2007). 
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Table 1-2:  The data used in linear flow toward horizontal well in dual-porosity  
fk , md 30 
mφ , frac. 0.05 
ω  0.014 
λ  2.5×10-5 
wr , ft 0.3 
zyx L,L,L , ft 30 
oq , rbbl/d 125.25 
hL , ft 9,000 
 
 
Similarly, an MS thesis by Lewis (2007) at Louisiana State University has produced 
similar diagnostic characteristics in conjunction with the use of hydraulically fractured 
vertical wells in production of gas from fractures shale (dual-porosity). Table 1-3 
summarizes the input data for the model they used and Figure 1-11 shows the diagnostic 
plot for this case. 
 
 
Figure 1-11:  Diagnostic plot for a hydraulically fractured vertical well in a dual-porosity 
shale reservoir 
(From: Lewis, 2007). 
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   Table 1-3:  The data used in linear flow toward vertical well in dual-porosity  
fk , md 19 
mφ , frac. 0.05 
ω  0. 1 
λ  1.0×10-5 




1.7  The Simulation Purpose 
 
In this thesis, the purpose of initiating the simulation study was to assess the benefits 
of near-wellbore interconnected natural fractures on the long-term productivity of 
horizontal wells, and to shed light on the reservoir characterization of the Bakken shale 
using available production data. The Bakken contains a volatile oil as revealed by PVT 
studies. This reservoir is considered a very tight reservoir with permeability of less than 
0.1 md. However, the initial rates obtained from long horizontal wells were relatively 
higher than expected. The flow rate performance in a couple of months raised the 
question about its relation to the reservoir properties obtained from log and core data. 
Other questions included optimum well spacing, long-term performance, recoverable 
reserves and many other issues related to the optimum development of the Bakken.  
We focused on identifying the mechanism of oil production based on observations 
from core and well performance. Two reservoir idealizations were conceived and 
investigated: single-porosity and dual-porosity models. Production data were available 
from a well in Dunn County, North Dakota. The early production period is not long 
enough to establish a good history match because of well rate fluctuations due to clean-up 
and operational difficulties. Nevertheless, the early production data was used as a guide 
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1.8  Simulator and Reservoir Model 
 
ECLIPSE 100 simulator was selected for this study because it is well recognized in 
the oil industry. ECLIPSE 100 can simulate single-porosity, dual-porosity, and dual-
porosity/dual-permeability problems. Solution is obtained by solving the finite-difference 
flow equations using the IMPES (Implicit Pressure Explicit Saturation) method or the 
fully implicit method. The fully implicit method is the default option in ECLIPSE 100 
and has been used in our work. As for the reservoir’s physical model, we chose a window 
area containing a single horizontal well. Hydraulic fractures were not included in the 
multi-phase simulation because of the numerical convenience and the fact that it was not 




1.9  Reservoir Simulation Data 
 
The basic data required to initiate a reservoir simulation study includes porosity, 
permeability, water, oil, and gas saturations, and the net thickness. In addition, relative 
permeability and PVT data are essential in a multiphase flow model. The data used in the 
thesis came from different sources, where PVT and net thickness were from Well A and 
rock properties were the average values from core analysis of Well B. Chapter 3 covers 







1.10  Model Initialization 
 
The data required to initialize the simulation model include reservoir description, 
geological and petrophysical properties, relative permeability and capillary pressure 
relationships, fluid properties, and initial fluid contacts. For the model used in this 
research, detailed input data and the reason for their selection are presented in various 




1.11  Reservoir Performance Prediction 
 
Because of limited production history, the calculated bottom-hole pressure from 
surface measurements was used as the boundary condition and the oil rate trend as the 
match parameter. Then, the producing bottom-hole pressure was lowered by a hyperbolic 
decline trend for long-term prediction purposes. Chapter 4 provides more details about 




CHAPTER 2                                                                                                            
RESERVOIR SIMULATOR 
 
In this chapter, we present the flow equations for three-phase flow in the single- and 
dual-porosity reservoirs. The purpose is to show the relationship between various 
parameters, specially the transfer function parameters, which have been a subject of 
recent discussion in the literature (e. g., Ramiraz et al., 2007, Balogun et al., 2007). Also, 




2.1  Flow Equations 
 
The three-phase equations that describe the flow in porous media are listed below. 













































































the left hand side of Equations 2-1, 2-2, and 2-3 can be abbreviated to oU , wU  and gU , 
respectively. 
It can be shown that, Watts (1986): 
 








∂ φφ  (2-4) 
 








∂ φφ  (2-5) 
 














































∂−= ,  (2-9) 
 
opp =  , (2-10) 
 





























1=++ gow SSS  . (2-16) 
 
Adding equations 2-4, 2-5, and 2-6 yield a global pressure equation: 
 
































∂+φφ . (2-18) 
 
Equation 2-18 is the basis for the IMPES (Implicit Pressure Explicit Saturation) 
method. There are other methods, such as the fully implicit method, which will be 
described in further details in the next section. 
The equations, mentioned above, are for single-porosity. For dual-porosity, the same 
set of equations is used to describe the flow in the fracture system. The matrix flow is 
incorporated as a source term for each phase. The source terms are as follows (Balogun et 








































= φφφτ  (2-21) 
 














στ  (2-22) 
  














στ  (2-23) 
 















στ . (2-24) 
 
   
 
2.2  Solution Strategy 
 
The solution method chosen in ECLIPSE 100 was the fully implicit option for three-
phase flow. The three primary solution variables are: pressure, water saturation, and 
either gas saturation, gas-oil ratio or oil-gas ratio. The equations, the solution procedure, 
and the convergence criteria are presented below.  

















































































where jiF  is the flow rate between cell i  and j , jiT  is the transmissivity coefficient 
between cell i  and cell j  given by equation 2-26, and ojidP , ojidP , and ojidP  are the 
differences between phase potentials between cells i  and j  calculated by equations 2-27 
to 2-29. The subscript u indicates that the flow-related dynamic parameters associated 


































0.00852702  (2-26) 
 
where x , y , and z  are the grid cell dimensions and  xk  is the permeability in x-
direction for cell i  or j .  
The transmissivities in the other directions are calculated using similar equations 
while considering the direction of flow. 
The fluids potential differences are: 
 
)DD(ppdP ijooiojoji −−−= γ  (2-27) 
 
)pp()DD(ppdP cowicowjijooiojoji −−−−−= γ  (2-28) 
 




where op  is the oil pressure, γ  is the fluid’s gradient, cowp  is water-oil capillary 
pressure, cogp  is gas-oil capillary pressure, and D  is the cell depth measured positive 
downward. 















































































  (2-30) 
 
where iQ  is the total flow rate from cell i  into the wellbore, wiT  is the well connection 
transmissivity, oip  is the pressure of the node, iwH  is the pressure head between the node 
and the well’s bottom hole pressure datum depth, and BHPp  is the bottom hole pressure. 

















= 0.00708   (2-31) 
 
where kh  is the effective permeability times the connection thickness, or  is the 
equivalent block radius, wr  is wellbore radius, and s  is the skin factor. The equivalent 





































































0.28  (2-32) 
 
where xk  is the permeability in x-direction  and yk  is the permeability in y-direction. 







R ++=   (2-33) 
 
idM  is the mass change during time step dt , and estimated as follows: 
 
tdtt MMdM −= +    (2-34) 
 

















































PVM   (2-35) 
 
The solution is obtained by solving: 
 
RXJ =δ   (2-36) 
 
























































































































δ   (2-38) 
 


























2.2.1  Newton Iteration 
The following algorithm is used: 
 Solve the linear equations: 
)X(RJX 1−=δ  
 Update the solution vector XXX )l()1l( δ+→+ . 
 Calculate the convergence criteria. 










Convergence Criteria  
 
Several iterations may be required to reduce the residuals to a sufficiently small 
value. In ECLIPSE 100, two criteria are used to define these measures, which are the 





  Material Balance Error 
The material balance error is the sum of the residuals for each phase (equation 2-25) 
corresponding to the net mass accumulation within the reservoir minus the net influx 
through the wells.  For each phase the material balance error is: 
 































R )()(  (2-42) 
 
These material balance errors are scaled to equivalent field saturation values using 










































































iggg PVRdtBMB )(/)(  (2-45) 
 
The values of oMB , wMB , and gMB  are computed after each iteration; and, when 




  Normalized Residuals 
This is the second check used to ensure rigorous convergence.  This method relies on 
the evaluation of the maximum normalized residuals or Component (phase) Normalized 
Vector ( CNV ) for oil, water, and gas as shown below. The solution to the system of 
equations is considered converged when the CNV for each phase becomes less than the 























































2.2.2  Dual-Porosity Option in ECLIPSE 
 
In ECLIPSE, the dual-porosity system is simulated by doubling the number of 
layers; the first group of layers represents the matrix grid and the second group of layers 
represents the fracture grid.  
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In addition to the rock properties that are assigned to the fracture grid, fracture 
spacing or shape factor, σ, must be defined. The simulator relates the fracture spacing (in 
x, y, and z directions) to σ  by using equation 1-16. 
The units for the shape factor is 1/ft2 and used in the simulator to estimate the 
transfer of fluids from the matrix into the fracture. The transfer function is described by 






CHAPTER 3  
BAKKEN RESERVOIR MODEL  
 




3.1  Idealized Reservoir Sector 
 
Figure 3-1 shows the dimensions of an idealized Bakken reservoir model. The 
numerical grid is constructed on this reservoir sector as shown in Figure 3-2. 
 
 
Xw = 5100 ft 






























Plan View (Not to Scale) 
 
 

























3.2  Bakken Grid System 
 
The grid system was constructed with a logarithmic scale in y and z directions to 
generate a logarithmic flow grid. The horizontal well was aligned in the x-direction and 
was the axis of the grid system. The grid dimensions in the x-direction were uniform as 
shown in Table 3-1. 
 
 
Table 3-1:  Grid dimensions 
x , ft 200 
y , ft 
0.7, 1.0, 1.6, 3.7, 8.6, 9.5, 15.4, 
25.2, 41.1, 67.0, 109.3, 178.3, 
290.9, 474.4, 773.9 
z , ft 0.7, 1.0, 1.6, 3.7, 8.6, 7.5 
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3.3  Reservoir Model Rock Properties 
 
Figure 3-3 shows the results of the routine core analysis acquired from Well B. Other 
properties were estimated by analogy as no lab data were available. On the other hand, 
the fracture properties are not easy to measure and estimated values were used.  
Table 3-2 and Table 3-3 show the matrix and fracture properties in the middle layer. 
For the upper and lower shale layers we assumed no fractures, and the matrix 
permeability was reduced by a factor of 0.1 and the matrix porosity by a factor of 0.5 as 
compared with the middle layer.  The pore volumes in the last blocks in the y-direction of 


























Table 3-2:  Matrix properties of the middle layer 
mφ , fraction 0.05 
mk , md 0.1 
mc , psi
-1 3×10-6 
   
 
 
Table 3-3:  Fracture properties of the middle layer 
fφ , fraction 0.0006 
fk , md 30 
eff,fk , md 
0.018 




3.4  Fluid Properties 
 
Reservoir fluid properties were obtained from laboratory experiments conducted on a 
reservoir fluid sample at the reservoir temperature of 245°F. The oil is undersaturated 
with a bubble point pressure of 2,674 psi. The initial reservoir pressure was 7,000 psi. 
Figure 3-4 and Figure 3-5 show a graphical representation of oil and gas properties, 
respectively. Table 3-4 shows the formation water properties at initial reservoir pressure. 
 
 
Table 3-4:  Formation water properties at initial reservoir pressure 
wB , rb/stb 1.001 
wc , psi
-1 3.1×10-6 




The PVT data from lab is usually not smooth. Therefore, some smoothing was 
necessary to avoid difficulties in numerical differentiation. For Bakken fluid, either 



























      , Cpoµ
 






































3.5  Relative Permeability 
 
The relative permeability for water-oil system and gas-oil system were constructed 
using modified Corey formulas (Christiansen, 2006).  
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Table 3-5 and Table 3-6 show the data used to generate the relative permeability 
relations for oil-water and gas-oil in matrix and fracture blocks respectively. Figure 3-6 











Table 3-5:  Water-Oil relative permeability variables 
Property Matrix Fracture 
*
rwk  0.25 0.99 
*
rowk  0.30 0.99 
wrS  0.25 0.05 
orwS  0.25 0.05 
wn  4.50 1.20 




Table 3-6:  Oil-Gas relative permeability variables 
Property Matrix Fracture 
*
rgk  0.25 0.99 
*
rogk  0.30 0.99 
gcS  0.05 0.00 
orgS  0.15 0.05 
wrS  0.25 0.05 
gn  4.50 1.20 

























































rog kk =  
 
 39 
3.6  Capillary Pressure 
 
The capillary pressure curve was used only for the matrix blocks and assumed zero 
for the fracture media. An empirical equation (Christiansen, 2006) was used in generating 
this curve for the imbibition process only (water pushing oil) and for gas-oil system with 
presence of irreducible water.  
Water-oil system with no gas present:  
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lnP)S(p α  (3-8) 
 
Table 3-7 shows the input values used for the capillary pressure calculations and 
Figure 3-8 and 3-9 show graphical representations for capillary pressure curves for both 
systems. The capillary pressure for the fracture system was set to zero for both water-oil 
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and gas-oil systems. Because there is no evidence that an aquifer is present, the OWC 
was set far below the model.  
 
 
Table 3-7:  Capillary pressure variables 
wxS  0.50 
orwS  0.25 
wrS  0.25 
1α  -1.55 
thp  0.5 









































3.7  Drive Mechanism 
 
The initial reservoir pressure was around 7,000 psi with a bubble point of 2,674 psi, 
which means that the early period of production by oil expansion was above the bubble 
point pressure. Also, there is no aquifer drive. Table 3-8 summarizes the initial conditions 
used in the simulation model. The water-oil contact (WOC) was specified far below the 
reservoir depth to initialize the model. In the same manner, the gas-oil contact (GOC) 
was specified at an elevation above the formation to eliminate the presence of the gas 
cap. The latter two procedures are a reservoir modeling artifact and a standard procedure.  
 
 
Table 3-8:  Model initial data 
Reservoir top, ft 10,500 
Datum depth, ft 10,530 
Pressure @ datum, psi 7,000 
Water-oil contact, ft 10,860 
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3.8  Initial Fluids-in-Place 
 
The simulator provides a volumetric estimate of original fluids in place upon the 
initialization of the model. The results obtained from the three different grid settings are 
summarized in Table 3-9.  As can be seen, most of the oil resides in the matrix and only a 
very small portion resides in the fracture. The percentage of the oil in the fracture system 
is less than 0.5%.  
 
 








Single-porosity 3.150 3.607 1.725 
Dual-porosity with 200ft-fracture region 3.159 3.616 1.725 





CHAPTER 4  
RESULTS 
 
This chapter presents the results of the simulation runs. As discussed earlier, due to 
the lack of adequate production history, an in-depth history match was not possible and, 
therefore, was not considered as an objective. Bottom hole pressure trends from a typical 
well in the Bakken shale were used as a boundary condition for the early time production.   
Different scenarios were run using three different models with different reservoir 
descriptions: the first was a single-porosity model; the second was a dual-porosity model 
with a 200-ft fractured region around the horizontal well, and the third was a dual-
porosity model with a 400-ft fractured region around the horizontal well. The fractured 
region around the wellbore was assumed to be achieved by the multi-stage hydraulic 
fractures which had opened and reconnected the pre-existing natural fracture network.  
For the early time production, well head pressures were converted to bottom hole 
pressures using Fekete software. These pressures were then used as the boundary 
condition for the well. For the long-term predictions, the bottom-hole pressures were 







=  (4-1) 
 
The prediction period was extended to around 10 year (3,000 days). The following 
equation defined the effective fracture permeability, eff,fk : 
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mffeff,f k7.0kk == φ   (4-2) 
 
For an example, for 11.7=fk  md, 0.01=fk  md, and 0.0006=fφ , the effective fracture 
permeability, eff,fk , becomes 0.007 md, which is the same as the matrix permeability at 
water saturation of 0.20. For our studies in this thesis, these data translate to natural 
fracture conductivities in the range of 0.05 to 0.20 md-ft, which is much smaller than the 




4.1  Case Studies 
 
The case studies were conducted on the three reservoir models described earlier. For 
each of the first three cases, the fracture permeability was different and the matrix 
permeability and percentage of the well open to flow were constant. In cases 4 and 5, the 
fracture permeability, matrix permeability, and the percentage of the well open to flow 
were changed. In Cases 6 and 7, only percentage of well open to flow was different from 
Case 1. In Case 8, we studied the mobile water phase, where we included mobile water in 
lower 8-ft part of the fracture and matrix in the Middle formation. The ECLIPSE data 




4.1.1  Case 1 
 
This case is the base case and all other cases are derived from this case. Table 4-1 
shows the model properties for the base case. Production performance for the base case is 






Table 4-1:  Case 1 model properties 
fk , md 11.8 
mk , md 0.01 
fφ , fraction 0.0006 
eff,fk , md 0.007 
σ , ft-2 0.013 

























































































































4.1.2  Case 2 
 
This case is derived from Case 1. The fracture permeability was doubled to evaluate 
the benefits of higher fracture conductivity on oil rate and total oil produced. Table 4-2 
shows the run’s parameters. 
 
 
Table 4-2:  Case 2 input data 
fk , md 23.6 
mk , md 0.01 
fφ , frac. 0.0006 
eff,fk , md 0.014 
σ , ft-2 0.013 
hL  percentage open 100 
 
 
Figure 4-4, 4-5, and 4-6 show the graphical representation of the run results. As can 
be seen, Figure 4-4 shows higher production rates compared to Case 1. Meanwhile, 
Figure 4-5 shows how the GOR went up earlier compared to Case 1. The main purpose of 
this run is to evaluate the benefits of getting a better fracture permeability. The 
production performance curves suggest that significant incremental oil from the dual-
porosity characterizations was gained when fracture permeability improved. This 























































































































4.1.3  Case 3 
 
This case is similar to Case 1 except the fracture permeability has tripled as Table 4-3 
shows. Figure 4-7, 4-8, and 4-9 show the output for this run. The oil rate and total oil 
produced have increased compared to Case 1 and Case 2. 
The purpose of this run is to investigate the additional gain of having better fracture 
permeability. The production performance clearly shows the role fracture permeability 
plays in draining the oil in very tight matrix systems. This case suggested that the higher 
the fracture permeability, the better the draining efficiency is for these systems. However, 
the incremental oil produced in Case 3 over Case 2 is less than the incremental gained 
from Case 2 over Case1 which implies the improvement gained by the fracture 
permeability increment has an optimum value beyond which the fracture permeability has 





Table 4-3:  Case 3 Input 
fk , md 35.4 
mk , md 0.01 
fφ , fract 0.0006 
eff,fk , md 0.021 
σ , ft-2 0.013 

























































































































4.1.4  Case 4 
 
In this case, both fracture and matrix permeabilities are doubled compared to Case 1 
and 50% of the well section is open to flow. Only half of the well length is open to flow, 
with consecutive 200-foot open-and-closed sections. This is also synonyms to increasing 
the shape factor by factor of two (i.e., reducing fracture spacing by 2 ). Table 4-4 
summarizes the parameters of this run. 
 
 
Table 4-4:  Case 4 Input 
fk , md 23.6 
mk , md 0.02 
fφ , frac. 0.0006 
eff,fk , md 0.014 
σ , ft-2 0.013 
hL percentage open 50 
 















































































































Figure 4-12:  Cumulative oil production for Case 4. 
 
 
4.1.5  Case 5 
 
This case is similar to Case 4 with matrix and fracture permeability equal to three 
times the permeability in Case 1 and only 33.3% of the well bore is open to flow. The 
perforations are placed so that 200ft are open followed by 400ft shut in. Table 4-5 shows 
the properties of this case. This is also synonyms to increasing the shape factor by factor 
of three (i.e., reducing fracture spacing by 3 ). Figure 4-13, Figure 4-14, and Figure 4-15 
show the results of this case. 
 
 
Table 4-5:  Case 5 Input 
fk , md 35.4 
mk , md 0.03 
fφ , frac 0.0006 
eff,fk , md 0.021 
σ , ft-2 0.013 

















































































































4.1.6  Case 6 
 
This case is the same as Case 1 with the assumption that only half of the well length 
is open to flow, with consecutive 200-foot open-and-closed sections. This case was run to 
mimic the partial well opening which might result from reservoir heterogeneity and 
drilling and completion operations.   
Figure 4-16, 4-17, and 4-18 show the output of this run. As these figures show, there 
was some production loss of 1-2% compared to the base case.  
Figure 4-16 shows how limited entry made the three characterizations give similar 
long-term production trends. This result emphasizes the fact that successful fracture 















































































































4.1.7  Case 7 
 
This case represents further damage or blockage to the wellbore. The model 
properties are the same as Case 1. However, only one third of the wellbore is open to 
flow; 200 ft are open to flow followed by 400 ft shut in. Figure 4-19, 4-20, and 4-21 







































































































Figure 4-21:  Cumulative oil production for Case 7. 
 
 
4.1.8  Case 8 
 
This case is similar to the base case (Case 1) except we studied the effect of mobile 
water phase, where we included mobile water in lower 8-ft part of the fracture and matrix 
in the Middle formation. The purpose of this case is to investigate the possible impact of 






































































































DISCUSSION OF THE RESULTS 
 
This chapter discusses the results presented in the previous chapter. Table 5-1 
summarizes the model parameters and the performance results. 
All cases studied showed that the dual-porosity models give higher production rates 
compared to the single-porosity models. The reason behind this higher production is that 
the fracture has a much higher local permeability and provides a more convenient flow 
path toward the wellbore. In addition, both oil and gas move more freely in the fracture 
system than in the matrix because of the relative permeability effects.  
The GOR in dual-porosity models increases sooner than it in the single-porosity 
case. In cases which had the highest fracture to matrix permeability ratios (Cases 2 and 
3), the GOR increased most rapidly. 
 In cases where the matrix and fracture permeability were increased while keeping 
the flow capacity constant (Case 4 and Case 5), the reservoir performed better (higher 
rate and higher recoveries). The higher oil recoveries in these cases imply the importance 
of having good fracture and matrix permeabilities (less fracture spacing).   
In cases where the well had partial opening (Cases 6 and 7) the long-term 
performance decreased. However, the reduction in the performance was non-linear and 
smaller than the percentage reduction of the open perforations. 
In the case where some mobile water is present (Case 8), the total oil recovery was 
not affected by water. This is because the fact that the amount of mobile water was 
relatively small. However, we could have increased the amount of mobile water in the 
reservoir, but since we had not seen any such situations in the Bakken formation, the 




Table 5-1:  Runs Summary 





Single-porosity 0.01 - - 160 5.08 
200ft fracture zone 0.01 11.8 0.007 256 8.10 Case 1 
400ft fracture zone 0.01 11.8 0.007 
100 
309 9.77 
200ft fracture zone 0.01 23.6 0.014 271 8.58 
Case 2 
400ft fracture zone 0.01 23.6 0.014 
100 
335 10.59 
200ft fracture zone 0.01 35.4 0.021 277 8.77 
Case 3 
400ft fracture zone 0.01 35.4 0.021 
100 
344 10.87 
Single-porosity 0.02 - - 194 6.16 
200ft fracture zone 0.02 23.6 0.014 323 10.22 Case 4 
400ft fracture zone 0.02 23.6 0.014 
50 
375 11.85 
Single-porosity 0.03 - - 203 6.44 
200ft fracture zone 0.03 35.4 0.021 352 11.14 Case 5 
400ft fracture zone 0.03 35.4 0.021 
33.3 
401 12.67 
Single-porosity 0.01 - - 127 4.03 
200ft fracture zone 0.01 11.8 0.007 229 7.25 Case 6 
400ft fracture zone 0.01 11.8 0.007 
50 
261 8.25 
Single-porosity 0.01 - - 100 3.17 
200ft fracture zone 0.01 11.8 0.007 191 6.05 Case 7 
400ft fracture zone 0.01 11.8 0.007 
33.3 
214 6.76 
Single-porosity 0.01 - - 160 5.08 
200ft fracture zone 0.01 11.8 0.007 253 8.01 Case 8 






Figures 5-1 and 5-2 show snap shots of the gas saturation in the single-porosity and 
dual-porosity models, respectively. It can be clearly seen that the gas saturation in the 
single-porosity near-wellbore region is lower than it in the dual-porosity matrix blocks. 
This is because in the single-porosity model, the wellbore is only connected to the near-
wellbore pore space in the reservoir. Thus, gas moves with oil to the wellbore as a result 
of the reservoir-to-wellbore pressure gradient. Contrary to the single-porosity model, the 
wellbore in the dual-porosity model is directly connected to the fracture network rather 
than the matrix blocks. Hence, gas will accumulate considerably in the matrix blocks 




















Figure 5-1:  Snap shots of gas saturation evolution in the single-porosity model. 













CONCLUSIONS AND RECOMMENDATIONS 
 
6.1  Conclusions  
 
The results of this dual-porosity model that includes long horizontal well in low-
permeability reservoirs led to the following conclusions: 
1. The near-wellbore natural fracture network has a positive impact on the long-
term production profile from tight formations even if natural fractures have 
very small permeabilities. 
2. Increasing natural fracture permeability in the near-wellbore region has an 
increasingly larger impact on the total oil recovery from very low-permeability 
reservoirs. 
3. Fracture spacing and permeability of the natural fracture network are major 




6.2  Recommendations 
 
The single-porosity and dual-porosity models used were relatively simple in terms of 
the reservoir rock property distribution for such a large drainage area (about 930 acres) 
and reservoir pressure of 7000psi. Consequently, we recommend the following steps a 
continuation of this research: 




2. Use both the pressure transient data and long-term production data as a 
complement to the static data to fine-tune the reservoir description. 
3. Compare the performance of long horizontal wells verses shorter multi-lateral 
wells. 







jA   area of open surface j , ft
2 
BHP  flowing bottom hole pressure, psi 
Bg  gas formation volume factor, rb/Mscf 
gB   average gas formation volume factor, rb/Mscf 
Bo  oil formation volume factor, rb/stb 
oB   average gas formation volume factor, rb/stb 
Bw  water formation volume factor, rb/stb 
wB   average water formation volume factor, rb/stb 
c  unit conversion factor, 2mmd  
cf  pore compressibility, psi-1 
CNVg gas normalized residual, dimensionless 
CNVo oil normalized residual, dimensionless 
CNVw water normalized residual, dimensionless 
co  oil compressibility, psi-1 
ctf  total fracture compressibility, psi-1 
ctm  total matrix compressibility, psi-1 
cw  water compressibility, psi-1 
D   cell depth, ft 
jd   distance from matrix center to the open surface j , ft 
dM  Mass accumulation in time step dt, lbm/day 
dPgji  gas potential difference between cell i and j, psi 
dPoji  oil potential difference between cell i and j, psi 
dPwji  water potential difference between cell i and j, psi 
dt  time step, day 
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Ei   exponential integral function 
Fji  net flow rate into cell i from neighboring cell j, rb/day 
GOR gas-oil-ratio, Mscf/stb 
h  formation thickness, ft 
hgf  gas height in the fracture, ft 
hgm  gas height in the matrix, ft 
Hiw  hydrostatic head correction, psi/ft 
hwf  water height in the fracture, ft 
hwm  water height in the matrix, ft 
i  location of grid block in the x-direction 
j  location of grid block in the y-direction 
J  Jacobean matrix 
k  location of grid block in the z-direction 
k   Average reservoir permeability, md 
keff  effective reservoir permeability, md 
kf  fracture permeability, md 
kf(effective) effective fracture permeability (kf×φf), md 
km  matrix permeability, md 
krg  gas relative permeability 
*
rgk   gas relative permeability at Slr 
krog oil relative permeability in gas-oil system with presence of irreducible 
water saturation 
*
rogk   oil relative permeability at Sgc 
krow  oil-water relative permeability in water oil system 
*
rowk   oil relative permeability at Swr 




rwk   water relative permeability at Sor 
zyx L,L,L  dimension of matrix block 
M  mass accumulation 
MBg  material balance error for gas phase 
MBo  material balance error for oil phase 
MBw  material balance error for water phase 
n  number of normal set of fracture 
ng  gas relative permeability exponent 
no  oil relative permeability exponent 
nw  water relative permeability exponent 
pcog  capillary pressure for gas-oil system, psi 
pcwo  capillary pressure for oil-water system, psi 
pcgof  capillary pressure for gas-oil system in fracture, psi 
pcgom  capillary pressure for gas-oil system in matrix, psi 
pcwof  capillary pressure for oil-water system in fracture, psi 
pcwom capillary pressure for oil-water system in fracture, psi 
fp   fracture pressure 
ip   initial reservoir pressure 
pm  pressure in matrix, psi 
PV  pore volume, ft3 
pwf  bottom hole flowing pressure, psi 
Q  flow rate into wells during time step dt, rb/day 
qo  surface oil rate, stb/day  
R  Non linear residuals of fluid (f) in cell i 
Rg  gas phase residual 
(Rg)i  gas phase residual in cell i 
or   pressure equivalent radius 
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Ro  oil phase residual 
(Ro)i  oil phase residual in cell i 
Rs  Solution gas oil ration 
Rv  Vapor oil-gas ratio 
Rw  water phase residual 
(Rw)i  water phase residual in cell i 
s   skin factor 
Sg  gas saturation, fraction 
Sgr  residual gas saturation, fraction 
Slr  residual liquid saturation, fraction  
So  oil saturation, fraction 
Sof  oil saturation in the fracture, fraction 
Som  oil saturation in the matrix, fraction 
Sorg  residual oil saturation to gas, fraction 
Sorw  residual oil saturation to water, fraction 
Sw  water saturation, fraction  
Swf  water saturation in the fracture, fraction 
Swm  water saturation in the matrix, fraction 
Swr  irreducible water saturation 
Swx  maximum spontaneous imbibition water saturation  
t  time 
Dt   dimensionless time 
Tji  transmissibility between cells j and i 
Twi  well connection transmissibility factor to cell i 
V   matrix volume 
fw   fracture aperture, µm 








α  gas-oil capillary pressure multiplier 
α1, α2 water-oil capillary pressure multiplier 
δ   difference from l  to 1l +  iteration level 
d   differential operator 
∂   partial differential operator 
   spatial difference 
  fluid gradient, psi/ft 
λ  fluid mobility, cp-1 
  viscosity, cp 
φ  porosity, fraction 
  density, lbm/ft3 
  shape factor, ft2 
  transfer function, day-1 
  tortuosity, dimensionless  
  fracture storativity 

i
  sum over all reservoir cells 
∇   gradient operator 
⋅∇   divergence operator 
   
SUBSCRIPTS 
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g    gas 
l    liquid 
m    matrix 
o    oil 
t    total 
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